BILIRUBIN AND BILE SALT METABOLISM

Dr. Wes Schreiber

I. WHAT IS BILE? 

Bile is the yellowish-brown or green fluid secreted by hepatocytes into the biliary system. This system begins with the biliary canaliculi, which coalesce to form bile ducts; the hepatic duct drains the entire system. 

The liver produces 500-1000 mL of bile per day, which flows out the hepatic duct into the common bile duct, and eventually enters the duodenum. Bile serves two major functions: 

Digestion: bile salts act as detergents that solulilize dietary lipids, allowing them to be digested and absorbed 

Excretion: many waste products of metabolism, as well as drugs and toxins, are eliminated via bile, which enters the GI tract and is eventually lost in feces. 

The composition of bile is: 


- bile salts

12 g/L
 


- electrolytes 

9 g/L


- phospholipids 

5 g/L



- proteins

2 g/L 


- cholesterol 

1 g/L


- bilirubin 

0.2 g/L

II. BILE SALTS 

A. Synthesis 

The term bile salts refers to a group of molecules derived from cholesterol by reduction of the double bond, hydroxylation at one or two additiona1 sites, and cleavage of the side chain. The two bile salts synthesized in the liver are cholic acid and chenodeoxycholic acid (Figure l). These bile salts are conjugated to either of two amino acids, glycine and taurine, before they are secreted into bile. 
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Figure 1

The primary bile sales of humans – cholic acid and chenodeoxycholic acid – are synthesized from cholesterol exclusively in the liver via a number of intermediary steps.  In the colon, anaerobic bacteria deconjugate and 7 ( dehydroxylate cholic anc chenodeoxycholic acids form the coresononding secondary bile salts, deoxycholic acid, and lithocholic acid, respectively.  All bile salts are conjugated by the liver with flycine or taurine. IN humans, the ration of glycine to taurine conjugates is 3:1.

B. Structure and Function 

Bile salts are amphiphilic molecules; they have both hydrophilic and hydrophobic surfaces. In aqueous solution, bile salts aggregate to form micelles that have a hydrophilic exterior and hydrophobic interior (Figure 2). These micelles incorporate the cholesterol and phospholipids within bile, maintaining their solubility. Mono- and diglycerides, fatty acids, fat-soluble vitamins and dietary cholestero1 are also incorporated into mixed micelles in the small intestine. The solubilized lipids are then delivered to the apica1 portion of intestinal cells, where lipid absorption takes place. 
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Figure 2

The molecular structure of a trihydroxy bile salt (cholic acid) is shown in the top figure. The basic sterol nucleus is modified by polar hydroxyl groups introduced at the 3(, 7(, and 12( positions, and by a terminal carboxylic acid moiety at position 24. Because these polar groups are distributed asymmetrically, bile salts are amphophilic molecules having both lipophilic and hydrophilic surfaces (center). In aqueous solution at millimolar concentrations, bile salts self-aggregate to form micelles (bottom). In bile, bile salt micelles incorporate phospholipid (lecithin) and cholesterol (mixed micelles). In the intestines, bile salts form micelles that solubilize cholesterol, fat-soluble vitamins (A, D, K, and E) and products of lipolysis (mono- and diglycerides, fatty acids). 

C. Enterohepatic Circulation 

In the terminal ileum, most bile salts are reabsorbed and enter the portal circulation, from which they are returned to the liver. Small amounts enter the colon, where anaerobic bacteria deconjugate the bile salts and remove the 7-OH group to form deoxycholic acid and lithocholic acid (Figure 1). About half of these secondary bile salts are reabsorbed by the colon and returned to the liver as well. More than 95% of bile salts secreted into the duodenum are recycled in this way. 

In total, the body contains 2 – 3 grams of bile salts, and this pool is estimated to re-circulate six to eight times per day. About 20% of the bile salt pool is 1ost each day in the feces, and this amount is replaced by synthesis of more bile salts in the liver. 

III BILIRUBIN 

Bilirubin is the end product of the degradation of heme. Most heme is located in hemoglobin, with lesser amounts in myoglobin and a number of enzymes (e.g., catalase, peroxidase, cytochromes). Accordingly, bilirubin production is directly related to the rate of red blood cell destruction. 

A. Production 

The life span of an average red blood cell is about 120 days. As the cell ages, it slowly loses the enzymes that maintain its energy supply, and oxidative damage to hemoglobin and the cell membrane occurs. Cells of the reticuloendothelial (RE) system recognize the aging erythrocytes and destroy them. This happens mainly in the spleen, although RE cells are also located in the liver (Kupffer cells), bone marrow, lymph nodes and connective tissues (macrophages). 
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Within the phagocytic cells, heme oxygenase cleaves the protoporphyrin ring of heme to form biliverdin, releasing iron and carbon monoxide. The double bond at the centre of biliverdin is then reduced to form bilirubin (Figure 3). About 250 – 300 mg of bilirubin is normally produced each day. 

Figure 3

B. Structure 

[image: image4.png]Photobilirubin ——s



Bilirubin contains four pyrrole rings joined by three bridging carbon atoms. The central bridging carbon is saturated, allowing rotation about its bonds. The propionate side chains form hydrogen bonds with nitrogen and oxygen atoms of the ring, producing a conformation that is water-insoluble (Figure 4). Bilirubin is transported through blood bound to albumin, which has one high-affinity and several low-affinity sites for this molecule. This keeps bilirubin in a water-soluble form as it moves from RE cells in the spleen to the liver. Unbound bilirubin in the circulation would cross cell membranes and exert toxic effects; this is especially true in the brain, a lipid-rich tissue. 

Figure 4

Bilirubin showing conventional structure and hydrophobic ZZ configuration with hydrogen bonding, UV light (440 nm to 470 nm) causes changes that result in photobilirubins with a ZE or EZ and ultimately an EE spatial configuration. The loss of hydrogen boning confers more hydrophilic properties, leading to easier clearance from the circulation.

C. Hepatic metabolism 
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The albumin-bilirubin complex travels through the sinusoid capillaries of the liver, and free bilirubin enters the hepatocyte (Figure 5). Within the cell, bilirubin binds to a cytosolic protein, ligandin that prevents it from diffusing out of the cell. Bilirubin is then conjugated to glucuronic acid through its two carboxylate groups. This reaction, which takes place in the endoplasmic reticulum, is catalyzed by the enzyme glucuronyl transferase. About 85 – 90% bilirubin diglucuronide and 10 – 15% bilirubin monoglucuronide is produced, with very small amounts of other bilirubin-sugar conjugates. The purpose of conjugation is to make bilirubin water-soluble so that it can be excreted into bile. Excretion of conjugated bilirubin is an energy-dependent process, and it is the rate-limiting step in the liver’s handling of bilirubin. 

Figure 5

D. Intestinal metabolism 
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Conjugated bilirubin passes down the hepatic duct, through the common bile duct and into the intestinal lumen (Figure 6). There, some of the glucuronic acid residues are hydrolyzed, and the anaerobic flora of the intestine reduces bilirubin to a series of compounds known collectively as urobilinogens. A proportion of the urobilirogens are reabsorbed from the intestine; 90% of these are taken up by the liver and re-excreted into bile, while 10% are excreted in urine (up to 4 mg/day). Ultimately, most of the bilirubin and its metabolized forms is excreted in feces. 

IV. CLINICAL ASPECTS OF BILIRUBIN 

A. Serum bilirubin 

Bilirubin is routinely measured in blood to test for disease of the liver and biliary tract. Total bilirubin measures both conjugated and unconjugated forms, and is normally < 22 umol/L in concentration. Direct bilirubin measures the amount of conjugated bilirubin, which is < 5 umol/L under normal circumstances. Small amounts of delta bilirubin, which is covalently bound to albumin, may be present – it is measured as part of the direct bilirubin, since it is water-soluble. 

B. Jaundice 

Jaundice refers to a yellowish discoloration of the skin, sclera and mucous membranes due to an increase in serum bilirubin concentration. Jaundice becomes apparent when serum bilirubin exceeds 2 – 3 times the upper limit of the reference range. The causes of hyperbilirubinemia and jaundice can be grouped according to the pathologic process taking place, as follows: 

Overproduction 


Hemolysis 


Ineffective erythropoiesis 

Impaired uptake by liver cells 


Prolonged fasting 


Drugs (e.g. flavaspidic acid) 


Gilbert’s syndrome (also associated with decreased glucuronyl transferase 





activity) 

Defects in the conjugation reaction 


Neonatal jaundice (due to immature enzyme) 


Crigler-Najjar syndrome, types I and II (hereditary absence or deficiency of enzyme)

Hepatitis and cirrhosis 

Drug inhibition (e.g., pregnanediol, chloramphenicol) 

Reduced excretion into bile 


Dubin-Johnson and Rotor syndromes 


Hepatitis 


Drugs (e.g., oral contraceptives) 

Obstruction to the flow of bile 


Biliary stone(s) 


Stricture of hepatic and/or common bile duct 


Tumors (pancreas and others) 

The first three processes produce an increase in unconjugated bilirubin only (( total bilirubin, normal or slightly ( direct bilirubin). The latter two processes produce an increase in both unconjugated and conjugated bilirubin (( total and direct bilirubin). Common diseases of the liver and biliary tract are in this second category. These patients also excrete bilirubin in their urine, as conjugated bilirubin is water-soluble and can be filtered out of blood by the glomeruli – the urine may be quite dark as a result. 

V. BILIARY CRYSTAL FORMATION 

Bile is the main route for excretion of cholesterol. About half of the cholesterol eliminated each day is converted into bile salts; most of the remainder is secreted by hepatocytes into bile. Cholesterol is water-insoluble, and it is maintained in a soluble state by interaction with bile salts. 

A. Cholesterol Stones 

When the concentration of cholesterol in bile exceeds the capacity of bile salts to form mixed micelles that keep it in solution, bile becomes supersaturated with cholesterol. Small crystals of cholestero1 monohydrate may then form and become trapped within a mucous gel along the inner wall of the gallbladder, where they can continue to grow (Figure 7). Eventually, the fusion of many crystals with other components of bile leads to visible stones in the gallbladder. 

Cholesterol gallstones are at least 504/o and often more than 904io crystalline cholesterol monohydrate. These stones are yellow-brown in color and range &om a few millimetres to 2 or 3 centimetres in diameter. About 80/o of all gallstones in North America are cholestero1 gallstones. 
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Figure 7

Pathogenesis of cholesterol gallstones.  Canalicular secretion of bole containing excess cholesterol relative to bile salts and phospholipids (supersaturated bile) is necessary but not sufficient. Additional requirements for stone formation are nucleation and growth of crystals, trapping of crystals in a mucin gel, and gallbladder stasis with retention of sludge permitting gradual aggregation and fusion of crystals to form macroscopic stones. Abnormalities in each of these areas have been noted in gall stone patients. In principle, elimination f any of these four steps should prevent gallstone formation.

B. Pigment Stones 

The other main type of gallstone is formed by precipitation of calcium with organic and inorganic anions, including bilirubin. Stones containing calcium bilirubinate are pigmented, and can be further subdivided into two types: 

· Black pigment gallstones, which are hard, dense, and brittle, contain calcium salts of phosphate and carbonate as well. Patients with increased red cell turnover or destruction of red blood ce11 precursors are at risk for developing these stones.

· Brown pigment gallstones, which are soft and clay-like, contain fatty acids complexed to calcium. Strictures of the bile duct, infestation with parasites, and cysts can impede the flow of bile, leading to stasis and chronic infections with bacteria. The microorganisms cleave conjugated bilirubin and phospholipids to release unconjugated bilirubin and fatty acids, respectively. 

About 20% of gall stones in North America are pigment stones. 

Destruction of Red Cells

1.) Aging begins when cells extrude nuclei and lose ribosomes.

· ( in enzyme activity with time

· loss of ATP; effects on transport processes and membrane deformability

· reduction of membrane area

· irreversible oxidative damage to membrane & hemoglobin

2.) Cells are recognized for destruction by the reticuloendothelial system (RES) when they are:

· senile (old)

RBC life span ~ 120 days

· structurally or functionally abnormal

(e.g. sickle cells, spherocytes, enzymatically defective cells)

3.) Extravascular hemolysis accounts for 90% of red blood cell destruction (about 7g of hemoglobin/day).

4.) Reticuloendothelial cells are located in the:

· spleen (connective tissue macrophage, sinusoidal lining cells)

· liver (Kupffer cells)

· bone marrow

· lymph nodes

(macrophages)

· connective tissue

5.) Intravascular hemolysis normally accounts for 10% of red blood cell destruction (about 0.7 g hemoglobin/day).

6.) Under normal circumstances, all Hgb is bound by haptoglobin, and the complex is cleared by the liver.  

1 liter of plasma can bind 1 – 1.5 g of Hgb.

7.) Excessive release of Hgb (i.e., hemolysis)

Production of Bilirubin

see figure # 5

1.) Total daily production:  250-300 mg.

2.) Heme oxygenase

· microsomal enzyme

· found in mononuclear phagocytic cells that comprise the RE system

· stimulated 3-20 x by the presence of heme or Hgb

Structure of Bilirubin

see figure # 6

1.) Color is yellow-orange.

2.) Natural configuration is Z-Z.

Forms internal hydrogen bonds and is water-insoluble.

3.)
UV light can convert bilirubin to ZE or EE photoisomers ( no internal hydrogen bonds, (more water-soluble.

Transport

1.) Unconjugated bilirubin is water-insoluble.

2.) Virtually all plasma bilirubin is bound to albumin.

· has 3 binding sites

· 1 site is high-affinity and can bind ~ 35 mg of bilirubin per 100 ml of plasma

3.) Unbound bilirubin would be toxic, as it is lipophilic and crosses cell membranes.  This is a problem in newborns:

· may have ( bilirubin production

· if albumin’s binding capacity is exceeded, bilirubin enters brain cells and exerts toxic effects, particularly in basal ganglia.

· called “Kernicterus”

Hepatic Metabolism

see figure # 7

1.) Uptake

· Albumin – bilirubin complex travels through sinusoid capillaries of liver

· complex dissociates, and free bilirubin enters hepatocyte

· binds to cytosolic protein ligandin, which traps bilirubin in the cell

· some heme also degraded to bilirubin by hepatocyte (intracellular hemoproteins)

see figure # 8

2.) Conjugation

· takes place in endoplasmic reticulum

· catalyzed by glucuronyl transferase

· carbohydrate donor is UDP-glucuronic acid

· produces 85 – 90% diglucuronide, 10 – 15% monoglucuronide

· conjugated bilirubin is water-soluble

3.) Excretion

· rate-limiting step; energy-dependent

Intestinal Metabolism

1.) Conjugated bilirubin passes through common bile duct and into intestinal lumen.

2.) Some of the glucuronic acid residues are hydrolyzed – anaerobic intestinal flora reduce bilirubin extensively.

see figure # 9

3.) Free urobilinogens can be reabsorbed from intestine:

· 90% taken up by liver & re-excreted

~  10% excreted in urine (0-4 mg/day)

Measurement of Bilirubin

1.) van den Bergh reaction

2.) Reaction products are purple azo-dipyrroles; measure in spectrophotometer.

3.) In aqueous solution, only conjugated bilirubin reacts; “direct reacting”

4.) To measure unconjugated bilirubin as well, must add alcohol or caffeine to break internal hydrogen bonds: “total bilirubin”

5.) Total – direct = “indirect reacting”

This is the amount of unconjugated bilirubin.

1.) Delta bilirubin

· bilirubin covalently bound to albumin

· mechanism of attachment unknown

· part of “direct reacting” bilirubin

· accumulates in hepatocellular and obstructive jaundice

Jaundice

1.) Definition – a yellow discoloration of the skin, sclera and mucous membranes due to an ↑ in serum bilirubin.

2.) Normal values

Total bilirubin:  0 – 22 umol/L



Direct bilirubin:  0 – 5 umol/L



Jaundice becomes apparent at  2 – 3 x upper limit of normal

3.) Causes

a) Overproduction



pre-hepatic

b) Impaired uptake




c) Defective conjugation


hepatic

d) Reduced excretion

e) Obstruction



post-hepatic

4.) Unconjugated vs. conjugated

- a, b and c are associated with an ↑ in unconjugated (indirect) bilirubin.

- d and e have a large component of conjugated (direct) bilirubin.
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